Abstract: Phosphate solubilization and growth promotion by Pseudomonas fragi CS11RH1 (MTCC 8984), a psychrotolerant bacterium isolated from a high altitude garlic rhizosphere from the Indian Himalayas, are reported here. The identity of the isolate was arrived on the basis of its biochemical features and sequencing of the 16S rRNA gene. The isolate grew and solubilized phosphate at temperatures ranging from 4 to 30
Introduction
Microbial populations are key components of the soil system, and various interactions in the rhizosphere are known to affect plant growth and development (Vessey 2004) . The rhizobacteria participate in many key ecosystem processes, such as those involved in plant growth promotion, biological control, nutrient cycling and seedling establishment (Kloepper et al. 1992; Weller 2002) . The beneficial effect of these rhizobacterial populations can be optimally harvested only when carrier-based formulations that are amenable for field level applications are developed and made available to the clientele (Nakeeran et al. 2005) . The success of these carrier-based formulations largely depends on the bacterial strain used for inoculant production. While Pseudomonas fluorescens, P. putida, P. aeruginosa, Bacillus subtilis and Bacillus spp. are commonly used for commercial inoculant production, the vast plethora of soil bacteria are yet to be explored for their beneficial interactions with plants.
Pseudomonas fragi has been described as siderophore non-producing bacterium that causes spoilage of refrigerated meat and raw milk (Lebert et al. 1998; Ali et al. 2003) . The cold active lipases of P. fragi have been demonstrated to posses high activity at low temperatures (Alquati et al. 2002) . The reported occurrence and role of this bacterium in environments apart from the diary and food industry are quite rare. The only available report on the phosphate solubilization ability of P. fragi was made by Martin et al. (2003) , who reported that strawberry plants inoculated with P. fragi along with an insoluble phosphate source had significantly higher phosphorus contents than uninoculated plants grown in soil with or without insoluble phosphates. Therefore from the plant growth promotion angle, P. fragi is a relatively less known bacterium, compared to its relatives belonging to the genus Pseudomonas.
The soils of Indian Himalayan region (IHR) are generally acidic in reaction, low in moisture status and organic matter. Among various soil productivity constrains, phosphorus availability plays a very crucial role in crop production. Water soluble phosphorus applied in such acid soils is rapidly fixed to unavailable forms and accounts for the low phosphate use efficiency (Pal 1998) . But this ecosystem is also home to a variety of beneficial microflora that positively influences plant growth and development through a myriad of processes. During our earlier exploration in this region, we were able to isolate and demonstrate the potential of cold tolerant plant growth promoting strains of Serra-tia marcescens (Selvakumar et al. 2007 ) and Pantoea dispersa (Selvakumar et al. 2008) .
In this study we report on the isolation, characterization, phylogenetic analysis, phosphate solubilization at cold temperatures and plant growth promotion potential of Pseudomonas fragi CS11RH1 (MTCC 8984), isolated from a high altitude garlic rhizospheric sample. It was observed that seed bacterization with the isolate significantly increased the percent germination, rate of germination, plant biomass and nutrient uptake of wheat seedlings.
Material and methods

Isolation
The soil used for bacterial isolation was collected from the rhizosphere of garlic (Allium sativum) grown at a high altitude location (1800 above mean sea level) in Chamoli District (30 • 24 N and 79
• 21 E), of the North Western Indian Himalaya. The processed soil sample was serially diluted, spread plated on full strength nutrient agar (Atlas 1995) and incubated at 4
• C for 48 h. A creamish white bacterial colony that was predominant in the isolation plates was purified and maintained on nutrient agar slants and 50% glycerol at −80 Characterization, identification and phylogenetic analysis Preliminary biochemical characterization was carried out as per standard methodologies (Collins & Lyne 1980) . The 16S rRNA gene sequencing was performed at the Institute of Microbial Technology, Chandigarh, India. The primer 27F (5'-GAGAGTTTGATCCTGGCTCAG-3') was used for the sequencing of an 1164 bp fragment of the 16S rRNA gene (GenBank accession No. EU255303). The gene sequence was subjected to a similarity search using the BLAST algorithm (Altschul et al. 1990 ). Nucleotide sequences were aligned using the CLUSTAL X 1.81 algorithm (Thompson et al. 1997) . Phylogenetic and molecular evolutionary analyses were conducted using the MEGA software, version 3.1 (Kumar et al. 2004 ).The phylogenetic tree was constructed by the neighbor-joining method (Saitou & Nei 1987) using the distance matrix from the alignment. Distances were calculated using the Kimura's method (Kimura 1980 • C, by inoculating 1 mL of bacterial suspension (3×10 7 cfu/mL) in 50 mL of National Botanical Research Institute phosphate medium broth (Mehta & Nautiyal 2001) in Erlenmeyer flasks (150 mL), and incubating for 21 d, at the desired temperature. At 3 d intervals, the culture suspension was centrifuged at 10,000 × g for 10 min. The pH of the supernatant was determined with a pH meter (Systronics System 361, India) and the P content in the supernatant was spectrophotometrically estimated by the ascorbic acid method (Murphy & Riley 1962) .
Estimation of hydrogen cyanide (HCN) and indole acetic acid (IAA) production HCN production was estimated at three different incubation temperatures: 4
• C, 15
• C and 30
• C, by the qualitative method of Bakker & Schipper (1987) . IAA production was estimated by inoculating a bacterial suspension (3×10 7 cfu/mL) in 10 mL Luria Bertani (LB) broth containing Ltryptophan (100 µg/mL), and incubating it for 48 h. The IAA concentration in the culture supernatant was estimated by the procedure of Gordon & Weber (1951) .
Effect on seed germination
Surface sterilized wheat seeds (cv. VL 616) were bacterized by soaking them in a culture suspension of the bacterium (10 8 cfu/mL) for 15 min, while control seeds were soaked in sterile un-inoculated medium. Bacterized seeds (100 seeds per replicate) were sown in plastic trays (30 × 40 × 6 cm) filled with sterile sand. The trays were placed in a temperature controlled glass house at 21 ± 1 • C. Observations on the germination were recorded daily from the third to the eighth day after sowing, and the rate of germination (RG) was calculated using the formula RG = ΣNi/Di, where Ni is the number of germinated seeds in a given time, and Di is the time unit (day) (Hosseini & Jafari 2002) .
Plant growth promotion assay
The plant growth promotion ability of the isolate was determined in non-sterile soil conditions in a temperature controlled growth chamber at 21 ± 1
• C for 30 d. The procedure of Eliot & Lynch (1984) was followed for seed bacterization. Surface sterilized seeds of wheat (cv. VL 616) were bacterized by soaking in a culture suspension of the bacterium (10 8 cfu/mL) for 15 min. In a deviation from the original procedure and to ensure adequate population levels of the bacterium on the seed surface, the bacterized seeds were further coated with a charcoal-based inoculant of the bacterium (10 6 cfu/g). Control seeds were soaked in sterile uninoculated medium and coated with sterile charcoal. Seeds were sown in polystyrene cups (7 cm diameter) containing 150 g of non-sterile soil. The mean soil temperature recorded during the experimental period was 18 ± 0.5
• C. Thinning of seedlings was done 7 d after sowing, and two seedlings per cup were maintained throughout the experimental period. The soil was moistened to 60% of its water holding capacity. The treatments were arranged in a completely randomized design with ten replications. At the end of the experimental period, plants were uprooted, washed under running water, and root/shoot lengths were measured. The plant biomass was dried at 65
• C till constant dry weights were recorded. Oven-dried samples were ground to pass through a 0.2 mm sieve for nitrogen estimation in an auto analyzer (Tecator Kjeltec Auto 1030). The phosphorus content was estimated by the ammonium molybdate method (Olsen & Sommers 1982 ) and the potassium content by flame photometry (Jackson 1973) .The nutrient uptake values were calculated from the nutrient contents. Statistical analysis was performed with the Statistical Package for Social Sciences software, and treatment means were compared at 5% level of significance.
Results
Characteristics of the isolate
The biochemical features of the isolate were in accordance with the type strain detailed in taxonomic lit- erature. It was positive for methyl-red reaction, H 2 S production, urea hydrolysis, amylase production, catalase activity, citrate utilization, lecithinase activity and casein hydrolysis. Positive carbohydrates were xylose, galactosamine, galactose, maltose, mannose, succinic acid, citrate, L-arabinose, D-arabinose, rhamnose, cellobiose, ribose, xylose, dextrose and melibiose. It was negative for nitrate reduction, DNase activity and VP reaction. Indole, adonitol, fructose, inositol, lactose, mannitol, sorbitol, sucrose, trehalose, xylitol, raffinose, inulin, sodium gluconate, salicin, dulcitol, malonate, sorbose, 2 nitrophenyl β-D-galactopyranoside, α-methyl-D-glucoside, α-methyl-D-mannoside and melezitose, were not utilized. The isolate grew at a temperature range from 4 to 30
• C. The 16S rRNA gene sequence of the isolate had 100% similarity with type strain of P. fragi. The phylogenetic analysis (Fig. 1) revealed that the isolate formed a distinct cluster with the type strain of Pseudomonas fragi, and was distinct from other plant growth promoting bacteria such as P. fluorescens and P. corrugata.
Phosphate solubilization
The temperature of incubation and duration of the incubation period had a definite influence on tricalcium phosphate solubilization by the bacterium (Fig. 2) . In general, the highest levels of soluble P were detected at 30
• C, where a steep increase in the soluble P levels was observed between the 3 rd and 6 th d after inoculation, followed by a steady trend thereafter. The highest levels of soluble P (514.97 µg/mL) • C the soluble P concentration in the medium showed a gradually increasing trend from the 3 rd d onwards and the maximum value was recorded on the 18 th d after inoculation. In this case no definitive trend could be established between the level of P solubilized and the drop in pH. At 4
• C the highest level of soluble P was recorded on the 9 th d after inoculation, which also coincided with the lowest recorded pH.
Plant growth promotion traits
Though the temperature of incubation had an effect on the expression of plant growth promotion traits of the bacterium, it was able to produce IAA and HCN at all the incubation temperatures (Table 1) . IAA production levels by the bacterium were 9.88 µg/mL/day and 2.69 µg/mL/day, at 15 
Effect on seedling germination and plant growth
In the in vitro germination experiments, wheat seeds treated with the bacterium recorded higher percent germination and rate of germination values, compared to the un-inoculated controls (Fig. 3) . In a separate study bacterized seedlings recorded 16.2% and 20.3% higher root and shoot lengths, respectively, compared to uninoculated control. The plant growth promotion effect was evidently apparent from the increase in the plant biomass of bacterized seedlings which recorded an increase of 83.3% and 111.1% in the roots and shoot biomass over the untreated controls (Table 2) . Seed bacterization also significantly improved the uptake of the three major nutrients, i.e nitrogen, phosphorus and potassium.
Discussion
The North Western IHR is one of the biodiversity rich regions of the world, with an abundance of novel cold-tolerant bacterial species (Shivaji et al. 2005) . The significance of this investigation is the reported phosphate solubilization and plant growth promotion by a psychrotolerant strain of Pseudomonas fragi CS11RH1. Earlier studies on phosphate solubilization/plant growth promotion by pseudomonads include P. fluorescens (Di Simine et al. 1998) , P. corrugata (Pandey & Palni 1998) , P. aeruginosa (Musarrat et al. 2000) , P. stutzeri (Vazquez et al. 2000) , P. putida (Pandey et al. 2008) , P. rhizosphaerae , P. lutea (Peix et al. 2004) , P. trivialis and P. poae (Gulati et al. 2008) . P. fragi is commonly encountered in refrigerated dairy products and is distinguished from other pseudomonads by its inability to produce iron sequestering siderophores from the environment. Though the food spoilage and enzyme production abilities of Pseudomonas fragi were known earlier, its plant growth promotion ability is less known. The identity of the bacterial strain in the present investigation was arrived on the basis of its biochemical characteristics and the sequencing of the 16S rRNA gene. The phylogenetic analysis further reinforced its taxonomic position. The inability of our strain to produce siderophores was further confirmatory evidence of its identity. Since the strain grew at temperatures ranging from 4 to 30 • C, it would be appropriate to term it as psychrotolerant rather than psychrophilic.
Bacterial mineral phosphate solubilization has been mainly attributed to the activity of glucose dehydrogenase; a membrane-bound enzyme that is involved in the direct oxidation of glucose to gluconic acid (Goldstein 1995) . Subsequently gluconic acid is enzymatically converted to 2-ketogluconic acid and 2,5-diketogluconic acid. The 2-ketogluconic acid is more effective than gluconic acid in solubilizing phosphate (Kim et al. 2002) . While most earlier studies on this phenomena were restricted to mesophilic temperatures (Chung et al. 2005; Chen et al. 2006) , recent studies have shifted the focus to P solubilization by mutant strains at the psychrotolerant range (Katiyar & Goel 2003; a Values are the mean of ten replicates. Data were analyzed using one way analysis of variance and treatment means were compared at 5% level of significance.
Sa 2007)
. Considering the environmental stability of mutant strains, for commercial inoculant production it would be prudent to scout pristine environments for naturally occurring psychrotolerant strains. While some progress has been made in this direction, mainly from the North Western IHR (Pandey et al. 2006) , the vast majority of alpine and sub-alpine regions have largely remained unexplored. The results of the present investigation reveal that temperature influences the P solubilization abilities of a naturally occurring psychrotolerant strain of P. fragi. The observed trends suggest an initial increase in the soluble P levels, followed by a subsequent drop in the P solubilization, across the incubation temperatures. This decline in the soluble P levels observed at all incubation temperatures can be attributed to the various phenomena, such as depletion of nutrients, production of certain toxic metabolites in the growth medium or to the autolysis of cells (Gaind & Gaur 1991) . The decline in the pH of the broth can be attributed to the production of organic acids by bacterium as a result of its glucose metabolism (Hwangbo et al. 2003) . But a definitive trend between the drop in the pH and levels of soluble P could be established only at 30
• C and 4
• C. At 15
• C there was a lack of correlation between the soluble P levels and pH. A similar lack of correlation between the extent of P solubilized and drop in the pH level has been reported earlier (Asea et al. 1988) .
Bacterial plant growth promotion is a complex phenomenon to which more than one plant growth promoting trait can be attributed (Lifshitz et al. 1987) . Usually observed quantifiable effects include increase in the plant biomass (Hameeda et al. 2006 ) and increased nutrient uptake (Vega 2007) . Enhanced seed germination, as a result of seed bacterization, is another plant growth promotion phenomenon that has been attributed to phytohormone production (Holland 1997) . Though the P. fragi strain reported in this investigation possessed more than one plant growth promotion trait, its ability to produce auxins, which are known to stimulate root growth, could be a major attribute responsible for plant growth promotion. Enhanced root growth and development is the single most important factor that is responsible for an increased uptake of nutrients from the soil. An earlier observation by Khalid et al. (2004) , who observed a linear positive correlation between the in vitro auxin production and increase in early growth parameters of inoculated wheat seeds, is in support of the present results.
Besides auxin production, the enhanced availability of soluble P in the rhizospheric region, as a result of solubilization of insoluble phosphates in the root zone, is another major factor that influences bacterial plant growth promotion. It is a well established fact that improved phosphorus nutrition influences overall plant growth and root development (Jones & Darrah 1994) . But role of phosphate solubilizing microorganisms in enhancing the P uptake of plants was not clearly observed in the case of barley and chick pea (Oehl et al. 2001 ) and soybean (Fernandez et al. 2007) . These authors postulated that phosphate solubilizing microorganisms when inoculated in soil can improve plant growth through other mechanisms, rather than through improvement in the P uptake. Contrary to their observations, our strain improved plant growth as well the P uptake of bacterized plants. The production and influence of other growth promoting substances by this strain of P. fragi is to be explored further. HCN production by rhizospheric bacteria is beneficial from the biocontrol point of view, but detrimental due to its interference with the cytochrome P 450 system, of certain plants (Kremer & Soussi 2001) . While certain plants have been endowed with a cyanide resistant respiratory pathway (Lambers 1982) , and some are affected by rhizospheric bacterial cyanogenesis. In this study, seed bacterization did not have a detrimental effect on seed germination or plant growth. This could be attributed to the cyanide resistance capacity of wheat, since cyanogenesis by rhizospheric bacteria has been proposed as a major means of control of the take all disease of wheat caused by the fungal pathogen Gaeumannomyces graminis var. tritici, while simultaneously promoting wheat root growth (Sarniguet et al. 1992) . The effect of cyanogenesis by P. fragi on nontolerant plant species and its role in the antagonism of phytopathogenic fungi is a researchable issue.
The work reported in this study is a part of our continued effort to isolate and identify potential coldtolerant P solubilizers and plant growth promoting bacteria from the IHR. The utility of such bacterial strains in the context of hill and mountain agro-ecosystems is immense considering the unique crop growing situations and the climatic conditions of the high altitude agricultural systems. Such systems require situation specific microbial inoculants that withstand extremities of cold and retain their functional traits for plant growth promotion. The plant growth promotion potential of the bacterial strain dealt in this study requires further evaluation and validation before its use as a bio-inoculant in the hill and mountain agro-ecosystems, where tem-perature is a major determinant of plant and microbial activity.
